In fact, we show that by assuming supernova remnants as the sole primary source of CRs, and taking into account that most supernovae are expected to take place near the galactic spiral arms, we consistently predict the observed positron to electron ratio between 1 and 100 GeV, while abiding to different constraints such as the observed electron spectrum and the CRs cosmogenic age.
Introduction
The majority of cosmic rays (CRs) are thought to originate in the shocks of supernova remnants (SNR). This is indicated by the synchrotron emission 12 or inverse-Compton 13 by high energy electrons in SNRs, and the γ-ray emission, which is possibly from high energy protons 14, 15 . Energy budget considerations, as well as particle acceleration theory, also support a picture in which SNRs are the main source of the observed flux of proton and electron CRs, at least up to proton energies of 10 15 eV (16) (17) (18) . SNRs, however, are not expected to be a major primary source of CR positrons.
Instead, as CR protons diffuse through the Galaxy, they collide with interstellar medium (ISM) particles (primarily "hydrogen nuclei"), producing almost equal amounts of "secondary" positrons and electrons (with a slight positron excess).
Most CR diffusion models below 100 GeV consider a smooth source distribution, with at most radial and vertical dependencies on the Milky Way structure 2, 19 . Smaller scale inhomogeneities were considered only as the effect of discrete nearby sources 7, 10, 20 . These models assume that CRs are produced at the source with a power-law spectrum,
The fluxes observed on Earth are a combination of the source spectrum and the propagation of the CRs in the galactic magnetic field. This propagation is modeled as a "leaky box" or through more elaborate diffusion models. In the case of a diffusion coefficient of the form D ∝ E β , this model predicts an observed primary CR spectrum of N (p) E,obs ∝ E −(α+β) . Secondary cosmic rays are generated with the spectrum of the primary ones and they suffer additional propagation loses implying N (s) E,obs ∝ N (p) E,obs E −β ∝ E −(α+2β) . Under these assumptions, the electrons observed on Earth are expected to be primaries at all energies (at least up to 100 GeV), while positrons are expected to be secondaries of hadronic pion production. The predicted flux ratio is then φ
where α e and α p are the source power-law indices of electrons and protons respectively.
Under the standard SNR shock acceleration, both electrons and protons are expected 17 to have similar spectral slopes,
i.e., α e ≈ α p , which is somewhat larger than 2. This is also supported by synchrotron radiation observed from SNRs, which confirms the slope for the electrons 18 . Consequently, the standard model predicts a positron to electron ratio which decreases with energy, since α p − α e < β ≈ 0.3 − 0.6.
Note that energy dependent cooling, due to synchrotron and inverse Compton, steepens both the electrons' and the positrons' spectra. However, since both electrons and positrons suffer the same cooling loses it does not effect the positron/electron ratio. Additional effects such as spallation and annihilation can be safely ignored at the energies of interest.
Measurements of the positron to electron ratio that were carried out over the last 20 years [21] [22] [23] [24] have shown unambiguously that at energies between 0.5 GeV and 5 GeV the ratio decreases with energy. But, these measurements hinted that at higher energies this ratio flattens out or perhaps even increases with energy 25, 26 . The recent measurements by PAMELA 1 gave the final confirmation that in contrast to the theoretical prediction, the positron to electron ratio increases with energy above about 7 GeV. The apparent discrepancy between the theoretical standard model and the PAMELA measurements is now commonly known as the "PAMELA anomaly". It was concluded 27 that there is yet an unknown primary source of e + e − pairs. One such source, which recently caught significant attention, is the annihilation or decay of weakly interacting dark matter particles. The most popular alternative astrophysical model suggests that pulsars are the primary source of the e + e − pairs. Several other astrophysical based solutions were suggested as well, but the common feature of all the proposed models is that they invoke some ad hoc assumptions in physics or astrophysics (see ref.
10 for a summary of the different suggested explanations and a detailed list of references).
Measurements of the electron spectrum at 0.1 − 1 TeV by ATIC 11 show an excess of CR electrons at energies of 300 − 800 GeV. At even higher energies (1 − 4 TeV) HESS measures 28 a sharp decay in the electron spectrum. ATIC's results are usually considered as a support for a dark matter origin of the PAMELA anomaly, where the observed spectral bump corresponds to the WIMP mass. However, at energies larger than a few hundreds GeV, the lifetime, and therefore propagation distance, of electrons is so short that in the standard astrophysical picture the electron spectrum is dominated by a single, or at most a few nearby sources which are expected to produce an ATIC-like spectral feature 7, 10, 20 .
The standard model assumes homogenous, or at least a smoothly varying (on a galactic scale), CR source distribution.
We explore here the effects of inhomogeneities in the CR source distribution on intermediate scales (i.e., scales smaller than the Galactic size but large enough such that discrete sources do not have a strong effect) on the positron to electron ratio and on the electron spectrum. We show that a strong enhancement in the sources density at some distance from Earth, leads to a steepening in the electron spectrum at energies for which the cooling time is comparable to the diffusion time from that distance. The positrons do not exhibit a steepened spectrum at the same energy, since they are produced by CR protons, which do not cool efficiently. Therefore mid-scale inhomogeneities will result in an upturn in the positron to electron ratio (similar to the one observed by PAMELA) at same energy where a steepening is observed in the electron spectrum. For a major CR source at a distance of order a kpc, this upturn and steepening are expected at typically 10 GeV.
Next, we go on to consider the first level of intermediate scale inhomogeneities in the Galactic SNR distributionthe Galactic spiral arm structure. This structure is generally ignored in Galactic CR models, although observations indicate that in galaxies similar to the Milky Way, supernova acceleration of electrons take place preferentially in spiral arms 29 . An exception is the previous exploration of the effect of spiral arm passages on the proton CR flux, which successfully recovered the almost periodic CR flux variations reconstructed from Iron meteorites 30, 31 . We find that when the standard values of the galactic parameters (e.g., magnetic field, spiral arm location and velocity) are used, the resulting positron to electron ratio between 1 to 100 GeV, and the electron spectrum between 1 GeV to 1 TeV are fully consistent with the recent measurements.
We conclude that the PAMELA anomaly can be simply explained away if the distribution of the CR sources is inhomogeneous with a large concentration of sources at a distance of about a kpc from Earth. This picture arises naturally and with no fine tuning of any parameter from the spiral-arm structure of the Milky Way, if, as expected, SNRs are the main Galactic cosmic ray sources. Moreover, when the same diffusion parameters are used to describe the diffusion from recent nearby supernovae, the ATIC peak is also recovered.
Mid-scale inhomogeneities of CR sources
To find out if mid-scale inhomogeneities of CR sources can potentially explain the PAMELA observations, we consider first a source at a distance x from Earth. We also assume that CRs from the source diffuse through the galactic magnetic field as long as they are within the disk, and they escape the Galaxy once they reach a height, l H ∼ 1 kpc above the disk, where the magnetic field cannot hold them anymore. The energy dependence of the diffusion coefficient, D, can (34) . At 1 GeV per nucleon, the age should be smaller by a factor of ∼ 1 to 2, depending on the diffusivity. We assume first that x l H in which case the typical age of nucleons is the escape time
The electrons and positrons cool via synchrotron and inverse-Compton scattering:
where w ph is the energy density of interstellar photons (CMB, IR and visible), σ is the Thomson scattering crosssection * and B is the magnetic field. Using eq. 1 we find the cooling time: τ c ≈ 1/(bE). In the Milky Way
Now, under the assumption that x l H , PAMELA observations require that the cooling time of a 10 GeV electron * If the C.M. energy of the inverse-Compton scattering is larger than me, the Klein-Nishina formula should be used, reducing the effective w ph with energy will be comparable to its diffusion time from the source to Earth, τ x ≈ x 2 /D, implying:
which is consistent with our assumption x l H . Thus, it seems that a source at 1 kpc may account to the PAMELA anomaly.
Encouraged by this result, we turn now to a more detailed examination of the diffusion and of the influence of cooling on the observed fluxes. We relax the assumption x l H and motivated by the geometry that is relevant to the spiral arm structure (see fig. 1 ) we approximate the solar neighborhood of the galaxy as a two dimensional slab. The x coordinate (the Galactic plane) is infinite and the y coordinate (the disk height) is finite, l H . The source is at the origin and Earth is at (x, 0). A CR diffuses within this slab with a constant diffusion coefficient D, which depends only on the CR energy, and it escapes once |y| > l H . The contribution of CR protons that were generated at time t ′ to the flux at Earth at time t 0 can be approximated as
that we are interested only in the dependence on D and x. Integrating over t for a steady source, one obtains:
which has a similar energy dependence (via D) as for uniformly distributed sources. The average age of an observed
We approximate the cooling effect on the electron's flux as
where τ c is the typical cooling time. Integration over t reads:
Thus, if τ c < min{τ x , (τ e τ x ) 1/2 } then the electron flux drops exponentially with decreasing τ c . This is very different than the flux in case of uniformly distributed sources, which for τ c > τ e is proportional to D −1 , i.e., E −β , and for τ c < τ e proportional to τ c ∝ E −1 , both relative to the source spectrum.
The positron source function is approximately proportional to Φ p (x), and since positrons and electrons have the same cooling rate, the contribution of a source at x ′ to the positron flux at x is approximately Φ e − (x ′ − x). Therefore,
In the limit of τ c ≫ τ e , the energy dependence of the positron flux relative to the source spectrum, is Φ e + ∝ D −2 ∝ E −2β . In the limit τ c ≪ τ e , on the other hand, it is Φ e + ∝ τ c /D ∝ E −β−1 . This energy dependence is exactly the same as that of uniformly distributed sources.
Equations 4 and 5 show that a source at a distance x from the solar system will result with a critical energy E b which
For E < E b the positron/electron ratio should decrease, while for E > E b it should increase. Additionally, the electron spectrum should exhibit a break at E b . † We assume for simplicity that the diffusion is one dimensional. This results with an exponent once integrated. Two dimensional diffusion (from a linear spiral arm) would give a less transparent Bessel function.
Even without knowing the value of D, we can use the observed age of proton CRs to constrain x as a consistency test. The typical age of CRs that contribute to the proton flux is ∼ max{τ e , (τ e τ x ) 1/2 } which in order to explain the PAMELA anomaly must be equivalent to, or larger than, τ c at 10 GeV. As aforementioned, the proton CR age at 10 GeV is comparable to their cooling time, which implies that actually any x l H ≈ 1 kpc will result in an upturning of the positron/electron ratio around 10 GeV (regardless of the value of D).
The predicted positron and electron CR fluxes from SNRs
Star formation in spiral galaxies is typically concentrated in the spiral arm. As a result, most of the SNRs are expected to be in or trail slightly behind the spiral arms 29, 31 . The nearest spiral arm to the solar system is the Sagittarius-Carina arm at a distance of ≈ 1 kpc, which as we found above is the distance needed to explain the PAMELA observations, if SNRs are the main CR sources. Therefore, based on our simple analytic model, we expect that all the observations of CRs in the energy range of 1 − 100 GeV can be explained by SNRs alone.
In order to obtain a quantitative comparison to the positron/electron ratio and to the electron spectrum, we constructed a spiral arm diffusion model. It is similar to the model developed by Shaviv 31 for CR diffusion while assuming a realistic spiral-arm concentrated source distribution function, where it is also extensively described. Here we summarize the main components and the modifications carried out here.
The geometry of the model is heuristically described in fig. 1 . The galaxy is assumed to be a slab of width 2l H , with l H = 1 kpc, inside of which the cosmic ray components diffuse. Beyond y = ±l H , the CRs escape at a negligible time. CR sources are located in both cylinder shaped arms with a Gaussian cross-section of width σ = 300 pc, and disk sources, with a vertical scale height of 100 pc. The assumption of straight cylinders is permissible given the small spiral arm pitch angle. This also makes the problem effectively two dimensional.
We assume the Milky Way has a four armed set of spiral arms, with a pitch angle of i ≈ 15 •(35) , implying that the arm separation (in the direction perpendicular to the arm axis) is d ≈ (π/2)R ⊙ sin i ≈ 3 kpc, while the Sun is at a distance x ≈ 1 kpc from the nearest spiral arm. The model is solved in the frame of reference of the moving spiral arm pattern. Namely, there is a small drift term carrying the CRs away from the spiral arm towards the solar system. For a spiral arm periodicity of P s ∼ 150 Myr (31) , one obtains a velocity of v s ≈ (π/2)(R ⊙ sin i/P s ) ≈ 20 km/s, which is slower than the two comparable diffusion times l H /τ e ≈ x/τ x ≈ 100 km/s. Note that this implies that the static model we considered above is a valid approximation.
We assume a ratio between spiral arm SNe and disk SNe of 10. The overall normalization of the sources was fit to give the electron spectrum at a few GeV. The positron production was normalized to give the positron to electron ratio at the same energy. For the ISM density we took the functional dependence from Moskalenko and Strong 19 . More on the choice of the above parameters can be found in Shaviv 31 .
We take a diffusivity of the form D = D 0 (E/1 GeV) β for E > 4 GeV and D = D 0 (4 GeV/1 GeV) β for E < 4 GeV. It was realized that such a break is required to explain the observed break in the B/C ratio in cosmic rays (though it does not play an important role here) 19 . We take β = 1/3 and α e = α p = 2.37 such that the predicted proton spectrum will be consistent with the observed proton cosmic ray slope of 2.7. We also take D 0 = 6 × 10 27 cm 2 /sec, which reproduces the break energy in the electron spectrum and the positron fraction. Note that the halo size and diffusivity considered here are on the low side relative to standard numbers often used. However, it should be emphasized that the somewhat larger diffusivity and halo size are the result of fitting "homogeneous" models, which require a larger population of older CRs at low energies to compensate for the young CRs produced by nearby sources, which are nearly absent when considering the realistic "heterogeneous" source distribution.
Shaviv 31 considered only primary protons which could be straightforwardly described by an analytic solution. In contrast, the present problem includes both cooling and the production of secondary particles, and was therefore solved using a combination of a Monte Carlo simulation for the spiral arm and homogeneous disk population, and an analytic solution describing nearby sources.
Because the discrete effect of nearby sources is important at high energies, the "homogeneous" disk component was truncated at r < 0.5 kpc and age less than t < 0.5 Myr, and all the SNRs within this 4-volume: Geminga, Monogem, Vela, Loop I and the Cygnus Loop, were added as discrete instantaneous sources. These sources were described using the analytical solution 7 for the diffusion and cooling from an instantaneous point source:
−αe
for E < E cut ≡ (bt) −1 and 0 otherwise. Here N 0 is a normalization constant and the diffusion distance is
For the overall normalization of the point sources, we use the synchrotron observations of SN1006, which together with the X-rays can be used to constrain the total energy and magnetic field 36 . In particular, one obtains E tot (> 1 GeV) = ∞ 1GeV EN E dE ≈ 2 × 10 48 erg. This corresponds to about a 0.2% efficiency in the acceleration of electrons, out of the total ∼ 10 51 erg in mechanical energy in SNRs. We assume all the nearby sources are similar. Note that due to their very young age, the discrete sources contribute a negligible amount of positrons, nor do they offset the cosmogenic age.
The results are described in fig. 2 . The lower panel describes the positron/lepton fraction. As expected from the simple analytical model, the fraction decreases up to ∼ 10 GeV and then starts increasing again. This explains the so called PAMELA anomaly. At about 100 GeV, the ratio decreases because of the injection of "fresh" CRs from recent nearby CR sources. Since the high energy primary electrons from these sources do not have time to cool they dominate over the secondary positrons. The cosmogenic age we obtain in this model for 1 GeV per nucleon particles is 14 Myr.
The upper panel of fig. 2 depicts the electronic spectrum and its constituents-primary spiral arm electrons, primary disk electrons (without nearby sources), the spectrum of the nearby sources and the secondary pairs. Evidently, there are two bumps in the E 3 N E plot. The lower energy bump arises from spiral arm electrons, the higher energy of which cannot reach us due to cooling. The higher energy bump, which corresponds to the ATIC peak, is due to a few nearby SNR. The three "steps" are due to the cooling cutoffs from Geminga, Loop I and the Monogem SNRs. Note that the average CR flux from these sources is about 3 to 6 times higher than can be expected from the average disk population were it not truncated. This is not surprising given that our local inter-arm region is perturbed by the Orion Spur.
One of the interesting predictions of the model where both the PAMLEA and the ATIC anomalies are explained as consequences of propagation effects from SNRs, is that the positron fraction should start dropping with energy at ∼ 100 GeV, just above the PAMELA measurement. It should reach a minimum around the ATIC peak, where it should start rising again. Whether or not it can go up to about 50% at a few TeV depends on whether the CRs from very recent SNe, the Cygnus Loop and Vela, could have reached us or not. This critically depends on the exact diffusion coefficient. Here it is also worth pointing out that above a few TeV the secondaries must be produced within the local bubble, implying that their normalization should be ten times lower than for the lower energy secondaries. These predictions are in contrast to the case where the ATIC peak is due to a primary source of pairs, in which case the positron fraction is expected to rise at a few hundreds GeV. With these predictions it will be straightforward in the future to distinguish between propagation induced "anomalies", and real anomalies arising from primary pairs. Of course, it is possible that the ATIC peak is due to a source of primary pairs, while the PAMELA anomaly is a result of SNRs in the spiral arms, but then it would force us to abandon the simplicity of the model, that the anomalies are all due to propagation effects from a source distribution borne from the known structure of the Milky Way.
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